Over the past decade, computed tomography ͑CT͒ theory, techniques and applications have undergone a rapid development. Since CT is so practical and useful, undoubtedly CT technology will continue advancing biomedical and non-biomedical applications. In this outlook article, we share our opinions on the research and development in this field, emphasizing 12 topics we expect to be critical in the next decade: analytic reconstruction, iterative reconstruction, local/interior reconstruction, flat-panel based CT, dual-source CT, multi-source CT, novel scanning modes, energy-sensitive CT, nano-CT, artifact reduction, modality fusion, and phase-contrast CT. We also sketch several representative biomedical applications.
I. INTRODUCTION
The evolution of civilization has been largely driven by the need for extending human's capabilities. Arguably, the most important way for us to sense the world is by visual perception. However, the human vision is severely limited by the opaqueness of many natural and artificial objects. Hence, how to achieve "an inner vision" was often pondered in various scenarios through history. Mainly credited to the pioneering works of Cormack 1 and Hounsfield, 2 in the last century, x-ray computed tomography ͑CT͒ is the first imaging modality that allows accurate non-destructive interior image reconstruction of an object from a sufficient number of x-ray projections. Hounsfield's x-ray CT prototype immediately generated a tremendous excitement in the medical community and inspired a rapid technical development with an ever strong momentum. Also, x-ray CT as the first trans-axial tomography model promoted the development of other tomographic modalities for biomedical applications and beyond, such as magnetic resonance imaging, ultrasound tomography, nuclear tomography, optical tomography, molecular tomography, and so on.
Since its introduction in 1973, 2 x-ray CT has revolutionized radiographic imaging and become a cornerstone of every modern radiology department. Closely correlated to the development of x-ray CT, the research for higher performance system architectures and more advanced image reconstruction algorithms has been intensively pursued for important biomedical applications. A famous CT scanner is the dynamic spatial reconstructor ͑DSR͒ built at the Mayo Clinic in 1979.
3, 4 With the ability to acquire 240 contiguous 1 mm slices in a time window of 0.01 s, the heart, lung, and blood flow can be vividly observed. This DSR system is considered as the precursor of the electron-beam CT scanner, the dualsource CT scanner and other similar systems. Early 1990s, single-slice helical/spiral CT became the standard scanning model, 5 and helical/spiral cone-beam CT was proposed. 6, 7 Elscint developed a two-slice CT scanner in the mid 90's and GE came out with the first four-slice CT scanner a few years later, quickly followed by all other major CT manufacturers. 8, 9 In 2004, Toshiba first successfully developed 256-slice CT systems. 10 With the fast evolution of the technology, true volumetric cone-beam CT scanners in helical and other scanning modes are emerging as the next generation biomedical CT. 11, 12 On the algorithm side, over the past several years, triggered by an exact and efficient solution to the long-standing helical cone-beam CT problem, 13, 14 there has been a remarkable surge in studies on image reconstruction algorithms. 15 Now, there are already a number of exact reconstruction schemes and algorithms that deal with general scanning trajectories and appropriately truncated data.
Will the progress of this magnitude in the CT field continue in the next decade? Based on the impressive track record in this field, we firmly believe it will. Then, what are the most important research topics/directions for the x-ray CT research and development? The answer to this big question is difficult to formulate because any prediction of that nature must be limited by our partial knowledge and inadequate ability to look into the future. Having acknowledged that, in this article we would like to share our opinions for the purpose of information and inspiration, which would hopefully guide our efforts and facilitate the future advancement.
This outlook article is organized as follows. In Sec. II, we will quantitatively overview the CT literature to give a sense of the dynamics of this field. In Sec. III as the main part of this article, we will present 12 topics to cover the main trends in the CT field. In Sec. IV, we will discuss biomedical implications of the proposed research and development. Finally, in Sec. V we will make concluding remarks.
II. QUANTITATIVE LITERATURE ANALYSIS
Our methodology for literature analysis is to search the ISI Web of Knowledge ͑http://portal.isiknowledge.com͒: Science Citation Index Expanded ͑SCI-EXPANDED͒ from 1975 until now ͑search performed on September 4, 2007͒. Each topic search is conveniently performed with one or more terms within article titles, keywords, and abstracts. Our analysis was intended to give a quantitative impression but is necessarily selective and by no means exhaustive. A reader can easily verify our data, modify our searches and reach his/her own conclusions.
Does the CT research have an increasing momentum? The answer is definitely "yes," despite the great developments in all competing modalities. With the search rule "xray" and "CT, Table I . Evidently, the above data are quite informative, indicating steady and increasing efforts for the past ten years over a wide spectrum of CT research, development and applications. However, there should be some noise and artifacts in the results since the keywords and their combinations could be misleading in some cases. Therefore, these data should not be interpreted without caution.
We then retrieved all 363 "x-ray" and "CT" papers for the year 2007, excluded irrelevant ones, and categorized them, as shown in Table II . Clearly, the biomedical applications remain the mainstream for x-ray CT, and a major portion of efforts is being devoted to research and development of methods and systems. Also, there are some non-biomedical applications, which are about one third of the medical applications.
III. TWELVE TOPICS FOR THE NEXT DECADE

III.A. Analytic reconstruction
Since Katsevich's 2002 paper on exact and efficient helical cone-beam CT reconstruction, 14 intensified research efforts have been made in this area. 15 Various sophisticated formulas have been proposed for exact reconstruction from projection data that can be longitudinally truncated and even transversely truncated, and for not only a standard helical trajectory but also a quite general class of scanning loci ͑Fig. 2͒. [16] [17] [18] [19] [20] [21] [22] [23] [24] However, in the general case such as saddle-like scanning paths 24 and nonstandard helical trajectories, these algorithms are far less computationally efficient as compared to the popular filtered backprojection ͑FBP͒ with spatially invariant filtering. In the 9th International Meeting on Fully 3D Image Reconstruction in Radiology and Nuclear Medicine ͑Lindau, Germany, July 9-13, 2007͒, Katsevich presented an important progress towards exact yet efficient general cone-beam reconstruction algorithms for two classes of scanning loci. 25 The first class curves are smooth and of positive curvature and torsion. The second class consists of circle-plus curves, with the segment for the plus part starting below the circle-like trajectory and ending above it. 26 However, there are other important classes of trajectories for which exact and efficient algorithms are desired and highly nontrivial. Therefore, it remains an open challenge to formulate such exact and efficient algorithms for many other types of scanning curves. Theoretical unification of these new exact algorithms is also worthwhile. [27] [28] [29] FIG. 1. Numbers of retrieved papers during 1997-2007 with the searching rules ͑a͒ "x-ray" and "CT" and ͑b͒ "cone-beam" and "CT," respectively. Exponential fitting shows that there is a 5% increment yearly for the former, while a 39% increment for the latter. Note that the numbers for 2007 are incomplete. Furthermore, it has been well recognized that the way to formulate exact and efficient reconstruction is not unique. 17, 27, 30 The key is to select an appropriate weight function. Different choices of the weights would have distinct impacts on the image noise distribution. Depending on each specific clinical application, the preferred image noise distribution may be uniform or least noisy in a region of interest ͑ROI͒ while being more tolerable outside the ROI. In other words, an ideal exact cone-beam reconstruction formula needs to be not only efficient but also produce the best possible image noise distribution, which is application dependent. The governing theory guiding this procedure has been studied from different aspects but it has not been thoroughly developed yet.
In contrast to impressive progress in solving the so-called long objection problem ͑reconstruction of a long object from longitudinally truncated cone-beam data͒, cardiac cone-beam CT is what we call the quasi-short object problem ͑recon-struction of a short portion of a long object from longitudinally truncated cone-beam data involving the short object͒ and deserves more research efforts. To solve the quasi-short object problem, the circular cone-beam scan only permits approximate reconstruction and the helical cone-beam scan has inefficient photon utilization. The saddle-like cone-beam scan can combine exact reconstruction and good photon utilization, representing a promising direction. 24, 31, 32 Again, we will need exact, efficient and optimized algorithms in the context of solving the quasi-short object problem.
In the CT applications, approximate cone-beam reconstruction algorithms have been dominating despite the rapid development of exact cone-beam reconstruction algorithms. 6 There are two reasons. First, in a good number of applications, the data completeness required for exact reconstruction cannot be satisfied due to physical constraints. Hence, the only choice is to perform an approximate reconstruction. Second, even if an exact reconstruction is practically feasible, oftentimes the approximate algorithms can deliver similar or even better performance as compared to the exact reconstruction counterparts, which are not necessarily optimal in terms of the noise characteristics. Figure 3 shows two approximate reconstructions of excellent quality. 33 It is our opinion that the popularity of approximate conebeam reconstruction algorithms will definitely sustain in the near future. With the development of exact cone-beam reconstruction algorithms, the approximate cone-beam reconstruction algorithms will be surely improved as well. In addition to various approximations to be improved or made on an individual basis, a promising research direction for approximate cone-beam reconstruction would be to adapt new exact cone-beam reconstruction algorithms. [34] [35] [36] By doing so, the merits of exact cone-beam reconstruction algorithms can be largely inherited at a much lower computational cost and modified to have certain practically desirable features. This approach should be particularly attractive in the cases of incomplete and/or inconsistent data such as cardiac CT, contrast studies, artifact reduction, and so on.
III.B. Iterative reconstruction
While the very first CT scanners used algebraic iterative reconstruction ͑ART͒, 37,38 FBP 39 soon became the gold standard for CT reconstruction. A few years later, statistical iterative reconstruction was successfully introduced for emission tomography, 40 because FBP reconstruction from a low SNR ͑signal-noise-ratio͒ emission data set would produce quite poor image quality. A simultaneous update variation of ART, called simultaneous ART, was presented in 1984. 38 In the past decade, thanks to the increasing computational power, statistical iterative reconstruction has become a hot research topic for CT, [41] [42] [43] [44] [45] [46] with a focus on noise suppression, artifact reduction and dual energy/energy-sensitive imaging. 46, 47, 92 Recent advances in statistical iterative reconstruction 48 promise to achieve dramatic improvements in image quality, as illustrated in Fig. 4 . Figure 4 impact of a 4x reduction in x-ray tube current ͑mA͒. With FBP, the noise level increases dramatically ͑the standard deviation of the noise increases by a factor of 2 theoretically͒. With iterative reconstruction, the noise level is not increased or even descreased relative to the full-dose FBP counterpart, suggesting a 4x dose reduction in this particular case. New iterative reconstruction schemes will surely emerge, as will be further discussed for Topics J and K. We believe that it is only a matter of time for statistical iterative reconstruction to become available on commercial CT scanners.
Several factors have prevented statistical iterative reconstruction from being deployed on CT products so far. The first is the huge computational cost, about two to three orders of magnitude larger than that of FBP. Despite recent advances in high-performance image reconstruction based on field-programmable gate arrays, multi-core processors such as IBM's Playstation 3 Cell Broadband Engine, and graphics processing units, we expect that first product realizations will be slow ͑tens of seconds per slice͒. The second is the robustness of iterative algorithms across different protocols and applications. Currently, some significant parameter tuning needs to be done for practical use of an iterative method in a specific application. The best imaging performance is usually very sensitive to the particular choice of parameters. The third is the potentially new look of statistically reconstructed images. Since images are reconstructed in a statistically optimal fashion, their noise and artifact characteristics can be rather different from those of FBP. Radiologists are used to the FBP image appearance and associated various image quality trade-offs. Consequently, statistical reconstruction may give an impression of somewhat reduced diagnostic value in certain cases. In fact, its spatial resolution characteristics are indeed very different from the FBP counterpart and depend on many factors. A careful quantitative analysis of image noise and spatial resolution as a function of location, contrast, and measurement statistics shows indeed that statistical iterative reconstruction has the potential to improve the information content of reconstructed images. 49 In perspective, iterative reconstruction offers distinct advantages relative to analytic reconstruction in important cases when data are incomplete, inconsistent and rather noisy. Even in the cases where analytic reconstruction performs well, there is no fundamental reason why iterative reconstruction would perform any worse. Hence, we predict that the fast development in computing methods and hardware will lead to a shift from analytic to statistical reconstruction or at least a fusion of analytic and iterative approaches. This evolution will happen gradually, because of the high computational cost as well as the time needed for the radiologists to adopt this new technology.
III.C. Local/interior CT
There is a long track record for the exact reconstruction of an ROI from a minimum dataset, starting from the work on half-scan fan-beam reconstruction. 50 The benefits include shorter data acquisition time, less radiation dose and more imaging flexibility. The most remarkable recent finding is the work by Katsevich in 2002 that demonstrates the feasibility of the exact regional reconstruction within a long object from longitudinally truncated data collected along a PI ͑͒-turn of a helical scanning trajectory.
14 The subsequent backprojection filtration variant 51 and generalization into the quite arbitrary scanning case 16, 18 significantly enriched the local CT theory. As illustrated in Fig. 5 , the latest results along this direction are the one-sided inverse Hilbert transform based local reconstruction algorithm 52 and the truly truncated Hilbert transform based interior reconstruction algorithm coupled with some a priori knowledge in an ROI to be reconstructed, 53, 54 which is somehow challenging the conventional wisdom that an interior problem ͑reconstruction of an interior region from projection data along lines through the region͒ does not have a unique solution. 55 Clearly, exact solutions to the interior problem have tremendous implications for numerous biomedical and other applications. 56 It is highly desirable to establish a unified theory for exact local/interior reconstruction that covers the exact reconstruction schemes and methods from a minimum dataset in the two-dimensional ͑2D͒ and three-dimensional ͑3D͒ cases from parallel-and divergent-beam geometries. It should be valuable to refine the reported stability analysis and reflect the sampling geometry and data noise in an optimal fashion. Also, it is critical to design numerically stable, robust and efficient algorithms for this purpose. The state-of-the-art framework for local/interior reconstruction is the Hilbert transform analysis. Perhaps other possibilities exist for us to gain a thorough understanding of this amazing problem.
As an alternative technology for local/interior reconstruction, theoretically exact fan-beam lambda tomography ͑LT͒ was also available for a general scanning locus based on the 2D Calderon operator. 57, 58 However, exact cone-beam LT is generally impossible based on the 3D Calderon operator for practical scanning loci such as a helix. 58 It is promising to develop exact LT reconstruction methods in terms of the 2D Calderon operator in some planes for data collected along a general scanning locus. As a related area, partial derivatives of a dynamically changing image volume can be directly reconstructed from original cone-beam data. Thus, velocity tomography may be improved from these partial derivatives based on the general velocity field constraint equation. 
III.D. Flat-panel based CT
While clinical x-ray systems are conventionally limited to projection images, digital, solid-state flat-panel x-ray detectors ͑FPDs͒ have enabled 3D reconstruction in these modalities. In 1999, GE Healthcare first introduced FPD-based x-ray systems, in which FPDs replaced film in radiography and mammography. Then, GE introduced an FPD-based cardiology system, replacing the conventional image intensifier ͑II͒ tube. Today, all of the major diagnostic imaging system manufacturers ͑GE, Hologic, Philips, Siemens, and Toshiba͒ offer FPD-based x-ray systems. GE, Hologic, Canon and Shimadzu make FPDs independently. FPDs in use today employ pixel sizes ranging from 70ϫ 70 m 2 to 200 ϫ 200 m 2 , in arrays of up to 14 million pixels, and active areas of up to 43ϫ 43 cm 2 . Some FPDs are of the indirect conversion type, in which a scintillator converts the x rays to visible light, and a 2D array of photodiodes converts the light to electronic charges to be digitized. In an alternative direct conversion technology, x-rays are converted directly to electronic charges and then digitized.
Even prior to the development of FPDs, 3D reconstruction of multi-angle digital projection images from an IIbased C-arm cardiology system was demonstrated. 60 Once FPDs were incorporated into such systems, the non-ideal characteristics of the II tube were circumvented, and CT reconstruction of data from C-arm systems became practical. Today most clinical FPD-based C-arm systems have the ability to acquire and reconstruct 3D CT images. Digital Breast Tomosynthesis 61 is a new modality using key elements of FPD-based mammography systems. The x-ray source is moved along an arc and a relatively small number of projections are acquired, enabling reconstruction of approximately 1.0-mm-thick image planes. This technology is currently in advanced development. Researchers have also incorporated FPDs into a conventional CT gantry to achieve high spatial resolution in medium to large field-of-view scans. 62 This architecture was primarily intended for small animal imaging. 63, 64 FPDs are also under investigation in a few other application-specific areas, such as breast CT scanners, 65, 66 infra-operative imaging systems, 67 and compact or mobile CT systems for head or dental imaging. 68 FPD-based CT is still in its infancy, and substantial developments are expected in the future.
III.E. Dual-source CT
Most commercial clinical scanners until today are based on the so-called third-generation architecture. A single x-ray tube and a single detector assembly are positioned face to face and rotated jointly around the patient. Berninger and Redington 69 presented the idea of replicating the source and detector, as illustrated in Fig. 6͑a͒ . The dynamic spatial reconstructor may have been the first real multi-source prototype. 4 About 25 years later, Siemens developed the first commercial two-tube-two-detector scanner, also known as dual-source CT. 70 The main advantage of this architecture is its improved temporal resolution. In today's state-of-the-art CT scanners, the gantry rotation time is reduced to about 0.35 s, but it is mechanically challenging to reduce that time even further, which justifies the renewed interest in multisource architectures. For the dual-source CT system, the minimum rotation interval is 90°+ ␣, compared to 180°+ ␣ for a third-generation scanner. For a cardiac fan angle ␣ of 25°, this gives about 44% reduction in acquisition time.
The dual-source CT has been claimed to have a dose benefit because the second detector is smaller and hence the dose is reduced at the edge of the field of view. However, the where f͑x͒ is the object image along a given PI line within a compact support and g͑x͒ is the corresponding Hilbert Transform, ͑c͒ a slice of the thorax phantom with a T-shaped local ROI, and ͑d͒ the image reconstructed from a purely local dataset plus prior knowledge on a sub-region in the ROI using the POCS method ͑Ref. 53͒. exact same dose profile is achieved with a third-generation architecture and a more aggressive bowtie. A more fair comparison would compare patient dose at an identical noise level throughout the field of view. In fact, the cross scatter from the second source into the first detector is reported to result in a scatter-to-primary ratio as high as 100% for obese patients, 71 corresponding to a severe dose penalty. Therefore, more research will be needed on both hardware ͑scatter rejection͒ and software ͑scatter correction͒ methods for dualsource CT.
A next step in this area is to use three sources and three detectors. [72] [73] [74] For a cardiac fan angle ␣ of 25°, a triplesource system with symmetric spacing would result in 59% reduction in acquisition time. In terms of exact cone-beam reconstruction, unlike the dual-source cone-beam geometry the triple-source cone-beam scanner allows a perfect mosaic pattern of truncated cone-beam data to satisfy the Orlov condition, 75 as shown in Fig. 6͑b͒ . In the near future, manufacturers may or may not adopt the multi-source-multidetector strategy, depending on their ability to conquer temporal resolution with other means, such as faster rotation, virtual rotation ͑see next sub-section͒, or motion compensation techniques. 76 Triple-source CT has unique theoretical merits relative to dual-source CT. However, the brute-force hardware approach of dual-source and triple-source CT comes with important technical and cost trade-offs, and might limit them to be niche cardiac scanners, just like electron-beam CT ͑EBCT͒.
III.F. Multi-source CT
Almost all modern CT architectures are based on one or more single-spot x-ray tubes ͑possibly with focal spot wobble͒. The best known counter example is the EBCT scanner, 77 which uses a huge x-ray source surrounding the patient with an electron beam that is deflected to produce x-rays along four half-circle target rings. The distributed nature of the x-ray source makes it possible to rotate the focal spot freely, thereby eliminating any mechanical bottlenecks. This architecture is fairly complex, limited in source intensity, and not so compatible with true volumetric scanning, but it is extremely fast and therefore it is very useful for cardiac scanning. A miniature version of the e-beam CT scanner was also conceptualized for micro-CT cardiac studies. 78 Most of the drawbacks of EBCT are eliminated by going to a distributed source with discrete electron emitters and appropriate source-detector topologies. 79 As shown in Fig. 7͑a͒ , another class of x-ray sources has multiple spots distributed along the longitudinal axis ͑in the z direction͒. 80 It has been shown that the combined information from the multiple spots in the z direction effectively eliminates conebeam artifacts. 81 Another example of a distributed x-ray source with a deflected e beam is the transmission x-ray source developed by NovaRay ͑formerly known as Cardiac Mariners and Nexray, Palo Alto, California, USA͒, with thousands of focal spots. This area source was first used to demonstrate the concept of inverse-geometry CT. 82 In addition to eliminating cone-beam artifacts, this architecture also has the benefit of a small photon-counting detector and very good detection efficiency. A related architecture is based on discrete electron emitters, 83 resulting in a 2D array source with tens of focal spots ͓Fig. 7͑b͔͒. This source architecture is more compact than the above and perhaps more compatible with the concept of a virtual bowtie, where the operation of each spot is modulated in real time to optimize image quality and minimize dose, depending on the patient anatomy. In the past decades, advances in detector technologies defined the so-called "slice wars." We expect that in the next decade dramatic advances in distributed x-ray sources may define a new revolution in CT and give birth to a wide class of new multi-source CT architectures, including line sources, inverse-geometry CT, and ultimately a rebirth of stationary CT, which means that neither the source nor the detector is in motion during the data acquisition process.
III.G. Novel scanning modes
A very important trend in the CT field is the evolution in scanning modes for improved imaging performance at reduced patient dose. The introduction of single-/multidetector-row/cone-beam helical CT was only the first step towards fully volumetric CT. In practice, a number of more flexible scanning schemes are needed. An earliest example of FIG. 6 . CT architecture with three sources and three detectors. ͑a͒ Berninger and Redington first proposed to replicate the x-ray tube and detector assembly ͑Ref. 69͒ and ͑b͒ the triple-source system in the helical conebeam geometry allows a perfect data mosaic pattern for exact reconstruction. Figure 6͑a͒ is a dynamic helical pitch trajectory is bolus-chasing CT angiography. 84, 85 In this application the table speed is adjusted on the fly to synchronize the CT imaging aperture with the contrast bolus peak. Also, the so-called shuttle mode is a scanning scheme where the patient table travels back and forth, enabling better dynamic applications than with conventional scanning, including liver perfusion and brain perfusion. These applications are based on cone-beam reconstruction algorithms specifically designed for dynamic helical pitch source trajectories. 86 Another example is a combined cardiac and thorax scan, where the table speed is reduced in the cardiac region for phase-coherent imaging, and increased as soon as the scan aperture is past the cardiac region. Finally, the latest efforts on saddle-like cone-beam scanning seem also promising for exact solution of a quasishort object problem ͑reconstruction of a short portion of a long object from longitudinally truncated cone-beam data involving the short object͒. 24, 31 Especially, the compositecircling scanning mode ͑Fig. 8͒ has some advantages over the existing scanning modes from perspectives of both engineering implementation and clinical applications because of its symmetry in mechanical rotation and the compatibility with the physiological conditions. 24, 31 To minimize patient dose in CT, it is critical to detect every transmitted photon and to treat it in a statistically optimal fashion during reconstruction. It is equally important to optimize the flux profile through the patient based on the patient attenuation profile and the organ sensitivities. A first way to achieve this is to pre-attenuate the x-rays with a socalled bowtie filter. Bowtie filters are becoming more advanced in targeting regions of interest, sometimes even using one or more moving parts. 87 A second way is to modulate the tube current ͑and possibly other scan parameters such as kVp or filtration͒ as a function of rotation angle, longitudinal position, and cardiac phase. 88 A major advantage of an inversegeometry architecture with an array source is the ultimate flexibility to customize the flux profile with the so-called virtual bowtie. 83 Key to all the above methods is knowledge about the patient anatomy. This knowledge may be based on scout scans, patient data or atlases. 89 One can take huge advantage of this knowledge not only to perform simple tasks such as FIG. 7 . Novel source configurations. ͑a͒ A distributed source with multiple spots along the z direction to eliminate cone-beam artifacts ͑Ref. 80͒, and ͑b͒ an inverse-geometry architecture with tens of spots combining the benefits of a line source in z, a small photon-counting detector, and a virtual bowtie ͑Ref. 83͒. In such a CT system, the scanning trajectory is a composition of two circular motions: While an x-ray focal spot is rotated on a plane facing an object to be reconstructed, the x-ray source is also rotated around the object on the gantry plane. Once a projection dataset is acquired, exact or approximate reconstruction can be done ͑Copyright by G. Wang bowtie selection and patient centering but also ultimately to compute optimal pulse sequences, avoid sensitive organs, and perform true ROI imaging.
III.H. Energy-sensitive CT
The idea of decomposing the linear attenuation coefficient into two or more basis functions in order to eliminate beam hardening artifacts for material discrimination was proposed soon after the invention of CT. 90 The physical foundation is that the linear attenuation coefficients are a function of energy and that this energy dependence is different for different tissues and elements. Figure 9 also illustrates that various elements have different attenuation properties as functions of photon energy. 91 Previously, two measurements were acquired at different tube kVp settings, also called dual-energy CT. It was then realized that iterative reconstruction can eliminate the need for a second measurement by incorporating prior information. 43, 46, 92 Technological advances are now making it possible to acquire two or more measurements simultaneously at different effective x-ray energies. These methods can be primarily evaluated by signal-to-noise ratio and measurement registration. The process of material decomposition results in a noise amplification. Noise can be minimized if the effective energies of the measurements are well separated, and better algorithms are designed.
Dual-layer detectors are fairly mature 93, 94 and the corresponding measurements are perfectly registered but of all solutions have the poorest energy separation. Dual-source CT is an existing technology, 70 its energy separation is better than dual-layer detectors but there is a significant time misregistration ͑about 100 ms͒ between corresponding measurements, not suitable for dynamic applications. Fast kVp switching is an existing technology, 95 with better energy separation than the dual-layer detector, and very recently it has been shown that its time misregistration can be as good as one or a few views ͑ϳ1 ms͒. 96 Advances in compact monochromatic x-ray sources may result in improved energy selectivity, but this solution does not address the time misregistration. The ultimate architecture for energy-sensitive CT may use an advanced polychromatic source to cover a spectrum of interest and a photon-counting-based energydiscriminating detector to record all these polychromatic photons and sort them into respective spectral bins. 97 While this solution would give perfect energy separation and registration, the technology is still immature and suffers from severe count rate limitations. Along with dedicated hardware development, algorithm development, especially statistical methods, will definitely facilitate this type of application. The fact that all manufacturers are pursuing different approaches makes the area of energy-sensitive CT an extremely interesting area. None can change the laws of physics but enormous efforts in the coming years will show how dramatic advances in CT source, detector, and reconstruction technologies will help us all to approach the fundamental performance limits of energy-sensitive CT.
III.I. Nano-CT
The world's first and only sub-100 nm nano-CT scanner nanoXCT ™ 98 was recently developed by the Xradia company ͑Concord, CA͒. This system is a revolutionary microscope for non-invasive investigations involving semiconductor analysis, drug discovery, molecular imaging, stem-cell research and materials development. It allows 50 nm resolution using proprietary condenser and objective optics. For most samples in nanotechnology, the x-ray attenuation length for low Z materials is very long, resulting in poor image contrast. The Xradia system can significantly increase image contrast in the Zernike phase contrast mode.
Since this century, nanotechnology has gained tremendous momentum through both governmental and private investments. Clearly, nano-CT may be a strategic enabling component for the immediate future research and education. In a broad range of nano-CT applications, interior tomography is not only valuable but also necessary. For example, in the case of in-situ imaging of cells or tissue specimens at the cellular/molecular level, we require little morphological changes and minimum radiation exposure, have the water or air component as reference and a volume of interest ͑VOI͒ much smaller than the specimen. Since the recent theoretical and numerical results 53, 54, 56, 99 demonstrated that the interior problem can be solved in a theoretically exact and stable fashion assuming that a small subregion within the interior region is known, it becomes now feasible to meet the abovementioned interior reconstruction need for nano-CT.
In the next decade, we believe that the existing nano-CT scanners will be further advanced, unique reconstruction algorithms will be developed with multi-scale and interior imaging capabilities, and more nano-CT applications will be identified in the fields including but not limited to life science, preclinical and clinical imaging studies in vitro, pharmaceutical research, and so on. FIG. 9 . Energy dependence of the linear attenuation coefficient varies across different elements and tissues. The plot shows the linear attenuation coefficients for bone ͑continuous curve͒ and iodine ͑curve with a discontinuity at the K edge͒. While for the shown iodine concentration the average attenuation is very similar to that of bone; their energy dependence is very different.
III.J. Artifact reduction
Reduction of image artifacts has been a central topic in the CT field. 100 The paradigm shift towards volumetric CT, novel architectures and dynamic and quantitative imaging demands a more effective reduction of various artifacts. The well-known scattering artifacts become more and more serious with the increasing cone angle and dual-source CT configurations. Beam hardening artifacts must be suppressed to extract energy-dependent information. 101 Motion artifacts remain a main challenge for cardiac CT and contrast-enhanced studies. 102, 103 More than a dozen types of artifacts are well known to the field ͑Fig. 10͒, most of which assume new forms and present new problems associated with the development of new CT technologies. Therefore, the fight against these artifacts remains active and requires new tools.
While many traditional artifact reduction algorithms are ad hoc and approximate, the future efforts may rely on more solid physical models and more rigorous inherent data integrity. 101, 104, 105 In this context, data consistency conditions were proposed to suppress motion artifacts, minimize beam hardening and so on. The invariance of the integral was suggested as a possible mechanism for this purpose. Nevertheless, much more work is required to advance this frontier. To a large degree, artifact reduction is very similar to image reconstruction. In both cases, the goal is to find an optimum subject to a set of constraints. Given the complexities imposed by the artifact-related constraints, the iterative approach will play a more important role. Several iterative schemes have been well studied so far. [106] [107] [108] New iterative schemes deserve major attention and refinement, such as the alternating iteration scheme for metal artifact reduction. 109 Only with optimized reduction of various artifacts, the future CT technology will deliver its ultimate performance that should be spatially, dynamically, spectrally and quantitatively correct.
III.K. Modality fusion
A distinguished trend in modern biomedical imaging is the area of multi-modal imaging, in which two or more imaging systems are synergistically integrated for much better performance, improving or enabling biomedical applications. A primary example is the positive emission tomography ͑PET͒/CT systems. 110 Another example is the hybrid optical tomography systems such as those proposed for magnetic resonance imaging ͑MRI͒-based diffuse optical tomography, 111 CT/MRI integration, 112 and CT-based bioluminescence tomography. 113 Recently, the Siemens micro-CT-PET-single photon photo emission computed tomography ͑SPECT͒ system Inveon ͑Fig. 11͒ became commercially available as an integrated preclinical imaging platform. From the perspective of x-ray CT research and development, an unprecedented potential would be unlocked by identifying new combinations of complementary imaging modes and improving the existing multi-modal systems, such as hybrid CT-angio and CT-cardiac cath systems. There are good possibilities for one-stop imaging centers or suites to emerge where all the imaging tasks can be streamlined in a taskspecific fashion, which is in some sense an extension of the currently already available trail based multi-modal small animal imager.
In addition to the architectural issues, we emphasize that there are excellent opportunities for algorithm development in this area. Traditionally, each component modality of a fusion-based system can be independently considered for image reconstruction. Then, all reconstructed images are retrospectively combined via post-processing for further analysis. However, there is generally some or strong correlation among the datasets acquired by multiple imaging tools applied to study the same individual object. Ideally, we should not solve the imaging problems for these modalities separately but couple these imaging problems with implicit or explicit relationships describing dependence among the involved datasets. Such an integrated inverse problem may require an iterative solution containing several loops each of which assumes other image reconstructions known and refines an intermediate image, or have more sophisticated forms like a truly simultaneous iterative solution. 114 Theoretical studies are needed to establish the solution existence, uniqueness and stability with new iterative reconstruction schemes, as already mentioned for Topics B and J. In the cases of no unique solutions, regularization issues must be addressed with the aid of a priori knowledge in the form of constraints, penalty terms and so on.
III.L. Phase-contrast CT
In all mainstream x-ray CT imaging modalities, the contrast mechanism has been attenuation based for over a century. As a result, weak-absorbing tissues are not imaged well, and radiation dose has been a general concern. On the other hand, x-ray phase-contrast imaging relies on the diffraction properties of structures, promising to have much better contrast at much lower dose. Specifically, for x-rays the refraction index of biological soft tissues is approximately 1.0, namely, n =1−␦ + i␤, where ␤ and ␦ represent attenuation and diffraction, respectively. In the range of 15-150 KeV, ␦ is about three orders of magnitude greater than ␤, making phase-contrast imaging about three orders of magnitude more sensitive than attenuation-based methods. 115 Typical values of refraction indexes of breast tissue are plotted in Ref. 116 .
X-ray phase-contrast imaging has been a hot topic over the past decade. [117] [118] [119] [120] It is traditionally implemented via interferometry, diffractometry and in-line holography, respectively. Interferometry and diffractometry are restricted by the availability of a synchrotron radiation facility. The in-line holography approach was originally proposed by Gabor in 1948, for which he was awarded the Nobel Prize. Wilkins et al. developed in-line holography techniques with a microfocus polychromatic x-ray source. 120 However, a microfocus ͑Ͻ100 m͒ x-ray tube offers limited x-ray flux. In 2006, Pfeiffer et al. made a major improvement so that such a phase-contrast imaging system can be built on a hospitalgrade x-ray tube. 121, 122 As shown in Fig. 12 , the key idea is to utilize the Talbot effect generated by x-ray gratings for sensing waveform deformation. It is anticipated that more research efforts will be devoted to x-ray phase-contrast imaging including x-ray phase-contrast tomography using the micro-focus or the grating-based framework. 123 The forward model will be a theoretically and computationally challenging problem, particularly for relatively large specimen. Accordingly, the development of phase-contrast reconstruction algorithms will become an area of intense research.
IV. BIOMEDICAL APPLICATIONS
Image quality can essentially be summarized by four main performance characteristics. First, high-contrast image resolution ͑spatial resolution͒ is the ability to distinguish adjacent high-contrast features. Second, low-contrast image resolution ͑contrast resolution͒ measures the ability to differentiate a low-contrast feature from its background. Image noise imposes a grainy appearance due to random fluctuations of the x-ray photon flux, and is a key factor in limiting low-contrast resolution. Third, temporal resolution determines the ability to capture structures in motion. Fourth, quantitative accuracy is desired to relate the image pixel values to physically meaningful quantities in the absolute sense, which is particularly important in dual/multi-energy CT. Image artifacts are structured interferences of any type and clearly need to be minimized at all times, but are generally hard to quantify. The aforementioned 12 topics of x-ray CT research and development are all aimed at major improvements in image quality and are well motivated by the imaging needs of important biomedical applications.
Just like for clinical CT, there is a strong need for improved technologies for micro-CT of small animals, especially genetically engineered mice. [124] [125] [126] Most CT research results can be similarly applied in either clinical or preclinical scenarios. CT of large animals will remain important for veterinary medicine and research.
In terms of spatial resolution, CT has come a long way. Only a few years ago routine studies were done at 5 -7 mm slice thickness, while today's scanners offer half-mm isotropic spatial resolution. Still, there is an opportunity to dramatically improve upon the state-of-the-art CT resolution clinically available. As an example, we are working to establish the feasibility of a clinical micro-CT ͑CMCT͒ prototype targeting 60-100 m resolution for temporal bone imaging. There has been an explosive growth in the development of micro-CT scanners with an emphasis on high spatial resolution 126 but none of them allow patient studies due to the narrow imaging aperture, long acquisition time, and dose limitations. Our proposed CMCT system consists of a special micro-CT scanner, a clinical CT scanner, and a crossmodality registration mechanism involving both hardware and software. 127 This system will integrate the strengths of micro-CT and clinical CT techniques to achieve the spatial resolution that is several times or even an order of magnitude finer than any commercially available scanner for clinical temporal bone imaging. Our preliminary system design and simulation results indicate that such a system is possible at a clinically acceptable dose, provided motion artifacts can be effectively eliminated. An enabling technology for CMCT at a minimum patient dose is to perform local CT reconstruction and/or local tomosynthesis of a volume of interest ͑VOI͒, by physically monitoring the patient motion and compensating for it during the reconstruction, subject to various constraints. This technique is particularly useful for imaging of the inner ear, because of its small dimensions, highcontrast structures, fine features, and stationary nature, and may be extended for other applications such as bone cancer studies. Another potentially useful solution would be to apply exact local reconstruction, 53, 99 as discussed earlier, which can be immediately applied to dental CT as well. In such a configuration, x-rays would only go through a tooth of interest and its neighborhood. Based on the known CT numbers in the neighborhood ͑air͒, the tooth can be reconstructed accurately, allowing characterization of bony loss and so on.
Improvements in low-contrast resolution will lead to reduced radiation dose and superior diagnostic performance. Worldwide there are active discussions and public concerns on radiation induced genetic, cancerous and other diseases. 128, 129 CT is considered a radiation-intensive procedure, yet becoming more and more widespread. In the mid1990s, CT scans only accounted for 4% of the total x-ray procedures but they contributed to 40% of the collective dose. 130 The recent introduction of helical, multi-slice and cone-beam technologies has increased and continues increasing the usage of CT. There is a substantial room for dose reduction using algorithmic means for attenuation-based CT.
Other possible directions include more dose-efficient scanning protocols, better a priori knowledge, more effective reconstruction methods and smarter post-processing strategies. Phase-contrast based CT, if successfully developed and clinically utilized, will revolutionize its x-ray imaging applications by virtually eliminating the dose problems and greatly boosting contrast resolution, which may open doors to novel functional and molecular imaging studies, and overtake or complement some MRI applications. X-ray phase-contrast CT/micro-CT is a technically very challenging and relatively immature area, but it has the potential to have huge impact in certain pre-clinical and clinical applications. As far as temporal resolution is concerned, cardiac CT is by far the most prominent application. 131 Most common CT targets are relatively motionless, such as bony structures, head, neck, and abdomen. However, the closer we get to the heart, the poorer the image quality becomes, because of the cardiac motion. The ͑coronary͒ arteries are too elusive to be clearly captured in challenging cases such as when the cardiac rate is too high or irregular, since the relative rest phase of the coronary arteries is only about 60 ms. Most demanding cardiac imaging used to be done by EBCT, which is expensive and rarely available. In addition to its remarkable applications for dynamic anatomical imaging of cardiac structures, EBCT is also a powerful tool for physiological imaging. Following the introduction of the Siemens dualsource scanner, it seems that more efforts are warranted to design better multi-source or distributed source systems and methods for cardiac CT. The ideas and schemes already exist on triple-source and multi-source CT systems, and hopefully will be refined and realized in the not too distant future.
Finally, CT images with a high quantitative accuracy will be more informative in general and extremely useful with energy-sensitive CT in particular. It is anticipated that more advanced x-ray sources such as portable synchrotron radiation devices will be much more accessible one or two decades from now. In the meantime, innovative sources and detectors will be developed to generate spectrally resolved projection data directly or indirectly. Statistical reconstruction can be applied to design and refine iterative algorithms that fully utilize all detected photons, and add a spectral dimension to CT images. Presumably, this type of energysensitive CT will dramatically improve the characterization of heart and lung diseases as well as various cancers. Along this direction, scattering-based CT, x-ray induced fluorescence CT, and CT in other hybrid modes may also become useful.
V. CONCLUDING REMARKS
When the first author of this paper graduated with a CT dissertation in 1992, he considered to switch to a different imaging field. His former mentor, Dr. Vannier, who is an authority in x-ray imaging and a certified radiologist, advised him not to do so because CT was "just too practical and useful." After over a decade, Dr. Vannier's advice seems still valid. Even if just a few of the aforementioned possibilities are realized, CT will become much more powerful than it is now. The ideal CT system should waste no information related to absorption, scattering, diffraction, energy, time of flight, prior information, and so on. Correspondingly, the imaging model will become more complicated: going from a simple line integral model and the radiation transport equations for describing attenuation and scattering to Maxwell's equations for accurately modeling the wave nature of phasecontrast imaging. Although the computational obstacles appear overwhelming at this time, we remain optimistic about our collective creativity and capabilities. The dream of whole body CT imaging could come through in the future to provide thorough, detailed and individualized image data whenever needed for healthcare.
As indicated earlier, this outlook paper is meant to be suggestive and not exhaustive. As a result, the citations are not comprehensive relative to the huge related literature base. Nevertheless, to the best of our knowledge it reflects the current trends in CT and, while our insights are unavoidably biased, the reality should not be too far from the targets we hope for and believe in. It is our intension to keep refining our predictions in this framework as time goes by and to update this outlook in a few years. Thus, we highly welcome comments and critiques from colleagues and peers. 
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